Premature chromatin condensation (PCC) is a hallmark of mammalian cells that begin mitosis before completing DNA replication. This lethal event is prevented by a highly conserved checkpoint involving an unknown, caffeine-sensitive mediator. Here, we have examined the possible involvement of the caffeine-sensitive ATM and ATR protein kinases in this checkpoint. We show that caffeine's ability to inhibit ATR (but not ATM) causes PCC, that ATR (but not ATM) prevents PCC, and that ATR prevents PCC via Chk-1 regulation. Moreover, mimicking cancer cell phenotypes by disrupting normal G 1 checkpoints sensitizes cells to PCC by ATR inhibition plus low-dose DNA damage. Notably, loss of p53 function potently sensitizes cells to PCC caused by ATR inhibition by a small molecule. We present a molecular model for how ATR prevents PCC and suggest that ATR represents an attractive therapeutic target for selectively killing cancer cells by premature chromatin condensation.
Premature chromatin condensation (PCC) is a hallmark of mammalian cells that begin mitosis before completing DNA replication. This lethal event is prevented by a highly conserved checkpoint involving an unknown, caffeine-sensitive mediator. Here, we have examined the possible involvement of the caffeine-sensitive ATM and ATR protein kinases in this checkpoint. We show that caffeine's ability to inhibit ATR (but not ATM) causes PCC, that ATR (but not ATM) prevents PCC, and that ATR prevents PCC via Chk-1 regulation. Moreover, mimicking cancer cell phenotypes by disrupting normal G 1 checkpoints sensitizes cells to PCC by ATR inhibition plus low-dose DNA damage. Notably, loss of p53 function potently sensitizes cells to PCC caused by ATR inhibition by a small molecule. We present a molecular model for how ATR prevents PCC and suggest that ATR represents an attractive therapeutic target for selectively killing cancer cells by premature chromatin condensation. P rogression from one phase of the cell division cycle to the next is controlled by a set of sensors and arresting mechanisms called checkpoints (1, 2) . At each checkpoint, the cell determines whether it is ready for progression to the next phase and halts progress if conditions are unfavorable; for example, if nutrients or nucleotides are insufficient or if DNA damage has not been repaired (1, 3) . The replication (S͞M) checkpoint determines whether DNA replication is complete and prevents the onset of mitosis, specifically the condensation of chromatin, if it is not. Schlegel and Pardee showed in 1986 that caffeine (at millimolar concentration) could ''override'' the replication checkpoint (4) , causing chromosomes to condense despite incomplete DNA replication. However, the details of how caffeine blocks the replication checkpoint have remained unknown.
A family of large protein kinases related in sequence to phosphatidylinositol kinase is involved in sensing various stresses (1, 3) . This family of kinases includes ATM (the gene mutated in ataxia telangiectasia), DNA-PK (required for DNA endjoining and antigen receptor gene rearrangement), FRAP (involved in nutrient sensing; modulated by FKBP12-rapamycin), and ATR (so named because it is related to ATM and Rad3) (1, 3, 5) . Two lines of evidence suggest ATR as a possible target for caffeine in the replication checkpoint: (i) ATR and ATM were recently shown to be inhibited by caffeine in vitro (6, 7) (ii) and deletion of ATR in mouse leads to embryonic lethality with chromosomal fragmentation in cultured blastocyst cells (8) . On the other hand, a prior report concluded that although ATR plays a role in the G 2 ͞M checkpoint, it was not involved in preventing the initiation of chromatin condensation if DNA replication is incomplete (9) .
Studies to clarify the role of ATR have been hampered by the lack of a viable ATR-deficient animal or a specific chemical inhibitor. We have developed a set of stable cell lines derived from U2OS cells (human osteosarcoma) that are wild-type for p53, have an intact G 1 DNA-damage checkpoint, and allow the inducible expression of either wild-type ATR or a dominant negative (kinase-dead) ATR point mutant (ATR-kd) by adding the small molecule doxycycline (see Materials and Methods). Similar to results from cells that are deficient in their p53 response (9), our p53-functional cells were sensitized to DNA damage if the dominant negative form of ATR was expressed. ATR has been shown in vitro and in vivo to phosphorylate p53 on Ser-15 and has been proposed to be upstream of p53 (10) . Surprisingly, we found there was no loss of p21 up-regulation or of the p53-mediated G 1 checkpoint when ATR function was inhibited, arguing that ATR is required for arrest elsewhere in the cell cycle (unpublished results). Here, we report that (i) ATR is in fact critical in preventing premature chromatin condensation in cells that have undergone DNA damage, (ii) ATR (but not the related caffeine-sensitive kinase ATM) is the relevant target of caffeine in the replication checkpoint, and (iii) several of the molecular hallmarks of cancer (including loss of p53 function) specifically sensitize cells to loss of ATR function.
Materials and Methods
Generation of Cell Lines. U2OS (human osteosarcoma) cells, verified to have intact p53 and G 1 checkpoint function, were used to generate doxycycline-inducible (11) stable cell lines. Aminoterminal FLAG epitope-tagged full-length constructs of ATR-wt or ATR-kd were inserted into the cytomegalovirus (CMV) promoter-based plasmid pcDNA4͞TO (Invitrogen), which contains two tetracycline operator binding sites. These constructs were cotransfected with a 20-fold lower amount of pcDNA3.1, which contains the neomycin resistance gene. Beginning 2 days later, G418-resistant clones (400 g/ml) were selected. Hygromycin was always present at 200 g/ml to maintain expression of the tetracycline repressor as described (11) . Approximately 120 G418-resistant clones were screened by FLAG-immunoprecipitation and FLAG-Western to obtain a pair of clones highly inducible for ATR-wt or ATR-kd and that had undetectable expression of the FLAG-tagged protein in the absence of doxycycline induction (unpublished data).
Mitotic Spreads. Cells were harvested with trypsin 24 h (or at indicated times) after DNA damage and spun (300 ϫ g for 10 min). All but about 50 l of supernatant was discarded, and cells were resuspended with a pipettor. One milliliter of 75 mM KCl was added for 10 min at room temperature. Cells were spun, supernatant was discarded, and cells were resuspended in 300 l of freshly prepared Carnoy's fixative (3 parts methanol, 1 part glacial acetic acid) for 10 min at room temperature. Cells were spun, supernatant was discarded, and cells were resuspended in 100 l of Carnoy's fixative; 10 l of this cell suspension was dropped from a height of 10 cm onto a glass slide and allowed Abbreviations: PCC, premature chromatin condensation; CMV, cytomegalovirus. § To whom reprint requests should be addressed. E-mail: sls@slsiris.harvard.edu.
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to dry. Twelve microliters of DAPI solution (Vectashield with DAPI, Vector Laboratories) was spotted onto the slide, a coverslip was placed above it, and the edges were sealed with clear nail polish. A fluorescence microscope was used to count mitotic cells that had characteristic features of either a normal mitosis or PCC. Interphase cells and cells that were intermediate in morphology between normal and PCC were not counted. The following criteria were used to identify mitoses as PCC or normal. PCC characteristics include well-defined particles of DAPI staining material that were round, not oblong; space between the particles with no hazy chromatin material between particles; no chromatid-like pairs present; and borders of the cell's chromatin are jagged and composed of speckles, not smooth or with a creamy-hazy appearance (all characteristics must be met to be counted). Normal mitosis characteristics include well-formed oblong chromatids present in pairs and at least 20 such chromosome pairs found in a cluster.
Transient Transfection Experiments. Transient transfection into 293T cells was performed with Fugene 6 (Roche Molecular Biochemicals) according to the manufacturer's specifications. ATR was detected with a rabbit polyclonal antibody we generated that was directed against amino acids 1-20 of ATR. ATM was detected with rabbit polyclonal anti-ATM Ab-3 (Calbiochem). In the indicated cases, doxycycline (1 mcg/ml) was added 2 days before cells were treated as specified. Nocodazole (100 ng/ml) was added at the time of damage (to block cells from exiting mitosis), and 24 h later (or at the times indicated in C) cells were harvested. The values represent the mean of two to five independent experiments or a representative experiment from within a dose-response curve. For each condition, over 2,000 cells were assessed, usually with Ͼ100 mitoses counted per condition. Agreement between experiments and three observers was excellent based on the criteria described (see Materials and Methods) to distinguish PCC and normal mitoses. DNA Damage. IR was delivered by Cesium-137 irradiation at a rate of 2.5 Gy/min. UV was delivered at a rate of 4 joules/m 2 per second from a panel of 4 UV bulbs (8 watts/bulb, RPR-3000, Southern New England Ultraviolet, Hamden, CT), which had peak emission at 312 nm. For UV irradiation, phenol-red containing medium was removed for the 50 s during radiation. A 5-ml Kodacel filter (no. K6808, Eastman Kodak) was used to filter UV Ͻ295 nm, which is not encountered in the environment. Double Thymidine Block. Cells were plated into normal medium, and after adherence, 2.5 mM thymidine was added for 17 h. Cells were washed twice with PBS and placed in normal thymidinefree medium for 12 h. Thymidine (2.5 mM) was added for a second 17-h period, at which time cells were washed with PBS; this point was designated t ϭ 0, at which 98% of cells were found to be at the G 1 ͞S border by propidium iodide-flow cytometry analysis.
Adenovirus Infections. Adenoviral constructs and virus preparations were performed as described (12) . Purified virus was added to the cell medium to a final titer of 10 10 viral particles per ml 24 h before UV treatment. Expression constructs were driven by the CMV promoter, and protein expression was verified by Western blotting. Function of each protein was verified by flow cytometry for its expected cell cycle effects. Based on green fluorescent protein expression performed in parallel, this concentration of 10 10 viral particles per ml yielded 100% infection and expression in these cells.
Results

ATR Prevents Premature Chromatin Condensation After DNA Damage
or Replication Inhibitors. To test for a possible role for ATR in chromosomal integrity, we induced ATR-kd expression and performed mitotic spreads to observe details of chromosomal structure not visible by standard cell fixation and microscopy. No chromosomal fragmentation was seen after induction of ATR-kd alone. However, when hydroxyurea (which prolongs S phase by depleting deoxynucleotides) was added to ATR-kd expressing cells, significant PCC developed that was similar to what had been originally reported by Schlegel and Pardee (4) after treat- ment with hydroxyurea plus caffeine (Fig. 1 A and B) . In addition, aphidicolin (a polymerase-alpha inhibitor) or low doses of DNA damage combined with expression of ATR-kd to cause a significant fraction (Ϸ30%, depending on dose of damage) of mitotic cells to show massive chromosomal fragmentation. The onset of PCC was maximal Ϸ24 h after treatment of ATR-kd expressing cells (Fig. 1C) . No PCC occurred in cells exposed to these treatments if ATR-wt was overexpressed (Fig. 1C) . Also, if no doxycycline was added to induce ATR-kd expression, these treatments did not result in PCC (Fig. 1C) . Thus, PCC occurred only in cells expressing ATR-kd and treated with DNA damage or an agent that directly causes S phase prolongation.
Because Chk-1 has been shown to be a target of ATR in Xenopus (13, 14) and mammalian cells (15), we tested whether expression of wild-type Chk-1 could rescue cells from PCC caused by ATR-kd induction. Indeed, overexpressing wild-type Chk-1 completely prevented PCC induced by UV plus ATR-kd, whereas overexpressing a dominant negative (kinase-dead) mutant of Chk-1 promoted PCC in UV-treated cells even if ATR-kd was not induced (Fig. 1D) .
ATR (Not ATM) Is the Target of Caffeine in the Replication Checkpoint.
Caffeine inhibits many proteins, including phosphodiesterases and protein kinases (6, 7). Our PCC data led us to test whether ATR is the relevant target of caffeine in the PCC pathway. We tested the effect of expressing wild-type or kinase-dead ATR on PCC induced by treatment with caffeine and hydroxyurea (4). Indeed, we found that inducing ATR-kd augmented the effects of caffeine plus hydroxyurea, whereas ATR-wt overexpression diminished PCC after caffeine and hydroxyurea ( Fig. 2 A and B) . Moreover, the ability of caffeine to induce PCC together with UV was augmented by overexpression of Chk-1-kd and diminished by Chk-1-wt (data not shown). These results suggest that ATR is the relevant target of caffeine in promoting PCC and that Chk-1 is an essential downstream component of this pathway.
We have used a kinase-dead ATR construct to study the role of ATR in cellular function because there is no viable animal model or specific small molecule inhibitor of ATR. Recently, Zhou and Elledge (1) raised an important concern with this approach, suggesting that ATR-kd overexpression may inhibit the function of endogenous ATM, and thus the observed effects of ATR-kd could be because of ATM inhibition. Indeed, ATR and ATM are similar in several ways: both are inhibited by millimolar caffeine (6, 7) , there are similarities between the substrate specificities of ATR and ATM (16), both kinases phosphorylate p53 on serine 15 in vivo after DNA damage (1), and overexpression of wild-type ATR has been shown to rescue the radio-resistant DNA synthesis characteristic of ATMdeficient cells (9) . These data suggest there may be an overlap of ATR and ATM function in certain processes. To clarify this issue, we investigated whether ATM plays a role in PCC and thus whether the ATR-kd construct could be working indirectly by inhibiting ATM function.
Transient transfections in human 293T cells were performed, and the effects of full-length, CMV promoter-driven constructs of ATM and ATR were compared. For both ATM and ATR, expression of recombinant protein was severalfold higher than the endogenous protein level (Fig. 2C) . Lim et al. have shown that expression of this ATM-kd construct in this same 293T cell line potently blocks the ability of endogenous ATM to phosphorylate p95͞nbs-1, an event that is required for S phase arrest (17) . We found that transient transfection of ATR-kd promoted PCC when cells were damaged but that there was no effect of either ATM-kd or ATM-wt expression on PCC after damage (Fig. 2D) . Similarly, when testing the ability of these constructs to rescue cells from PCC caused by caffeine and DNA damage, ATR-kd promoted PCC, ATR-wt blocked PCC, and neither ATM construct affected the incidence of PCC (Fig. 2E) . Similar results were obtained with these constructs when PCC was caused by ATR-kd and DNA damage (Fig. 2F) . These data suggest that ATR is the relevant target of caffeine in causing PCC, that ATM is not required for the checkpoint that prevents PCC, and that the ATR-kd construct causes PCC by inhibiting ATR and not ATM.
ATR Function Is Most Critical During S Phase.
At what point in the cell cycle is ATR function most important in the response to DNA damage? To address this question, we performed cell cycle synchronization experiments by using a double thymidine block protocol that effectively arrested 98% of the cells at the G 1 ͞S border (2C DNA content) of the cell cycle (Fig. 3A) . Synchronized cells were irradiated at various points in the cell cycle, and 24 h later the extent of PCC was assessed for cells expressing ATR-kd or ATR-wt. Compared with unsynchronized, G 1 , or M phase cells, S phase cells were most sensitive to irradiation if ATR-kd had been induced before UV treatment (Fig. 3B) . Induction of ATR-wt had no effect on the extent of PCC after UV damage in synchronized cells (data not shown). The increased PCC in ATR-kd expressing cells irradiated during S phase corresponded with increased death among these cells 36 h after damage, as demonstrated by the fraction of cells with Ͻ2C DNA content (Fig. 3C) . Inhibition of ATR function thus promotes death selectively in S phase, a phase disproportionately represented in frequently dividing cells such as cancer cells.
G1 Checkpoint Deficiency Sensitizes Cells to ATR Inhibition.
Cancer cells often progress rapidly through the cell cycle with minimal delay in G 0 or G 1 because of two factors: (i) mutations in the Rb͞p16 pathway make cancer cells growth factor-independent and (ii) mutations in the p53 pathway render them unable to arrest in G 1 after DNA damage (18) . These alterations result in cancer cells spending proportionately more time in S phase and in progressing from G 0 ͞G 1 into S phase with more DNA damage than normal cells (which would arrest in G 1 and repair damage before beginning DNA synthesis). Based on our cell synchronization data, we predicted that loss of the G 1 checkpoint would sensitize cells to ATR inhibition. By targeting processes that are often defective in cancer cells, we sought to mimic G 1 checkpoint deficiencies in our U2OS cell lines (which have a functional G 1 arrest pathway following DNA damage and an impaired Rb͞p16 pathway because of p16 deletion). To inhibit the Rb pathway further, we overexpressed cyclin D1, CDK2, or cyclin E, each of which promotes G 1 -S progression and are commonly upregulated in cancer. In cells expressing ATR-wt, adenoviral expression of cyclin E or CDK2 followed by damage caused no PCC (data not shown). In cells expressing ATR-kd, however, adenovirus-mediated expression of cyclin D1, cyclin E, or CDK2 followed by damage markedly promoted PCC (Fig. 4A) . Because our ATR-inducible U2OS cell lines have an intact p53 pathway, we were able to assess the role of p53 in preventing PCC by ATR, an experiment that would not have been possible in any other system known to us. Importantly, targeted loss of p53 function by either of two mechanisms that are relevant in cancer (expression of MDM2 or human papilloma virus E6) roughly tripled the amount of PCC in UV-damaged cells in which ATR-kd was expressed, with no PCC in identically treated cells that did not express ATR-kd (Fig. 4A) . This pronounced effect of MDM2 or E6 in cells already expressing ATR-kd suggests that p53 is active in these cells and thus that ATR is not required for p53 activation. In contrast, artificially augmenting G 1 arrest by expressing p21 or p27 completely prevented PCC (Fig. 4A) .
To evaluate whether a small molecule inhibitor of ATR could also selectively induce PCC in G 1 checkpoint-deficient cells, we expressed cyclin D1, MDM2, or E6 and assessed the effect of caffeine on PCC. Indeed, ATR inhibition via a small molecule also markedly augmented PCC selectively in cells made deficient in G 1 checkpoints (Rb͞p16 or p53) by each of these perturbations. These results demonstrate that DNA-damaged cells that no longer arrest at G 1 before S phase entry are especially sensitive to loss of the replication checkpoint that requires ATR.
Discussion
Our data demonstrate that ATR functions to prevent premature chromatin condensation after DNA damage or replication inhibitors. This finding is in fact in disagreement with a prior report (9) that concluded ''Therefore, in ATR-kd expressing cells, chromosome condensation does not occur in the absence of genome replication.'' The most likely explanation for this prior conclusion is that the techniques used in that study were not well suited to visualize chromatin structure and that cells undergoing PCC were deleted from analysis.
A model of the role of ATR in the cell division cycle (Fig. 4C ) emerges if our data are combined with recent studies on the Xenopus replication checkpoint (19) , on ATR-chromatin binding in Xenopus (13, 14) , and on the subcellular localization of ATR after damage in human cells (20) . In our studies, ATR inhibition by caffeine or ATR-kd expression promoted PCC when com- Values shown are means of three independent experiments, and standard errors of the mean were Ͻ5% in all cases. (C) A model of the role of ATR in preventing PCC. UV, IR, cisplatinum, hydroxyurea, and aphidicolin have in common the ability to increase the number of stalled replication forks and prolong DNA synthesis. The signal that DNA synthesis is not complete (and that chromatin condensation should not start) is sent by ATR after it is recruited to replication forks that have been primed by addition of an RNA primer via polymerase-␣ (13, 19) . ATR-mediated phosphorylation of Chk-1 causes delay of mitotic entry and prevention of PCC. G 1 checkpoints are lost in cancer cells by overexpression of cyclin D1, CDK2, cyclin E, MDM2, or E6 because of mutations in the p53 or Rb͞p16 pathways. Because G 1 checkpoint loss causes cells to enter S phase with more unrepaired damage, such cells would have a greater requirement for functional ATR to delay mitotic entry until all damage has been repaired and the DNA has been replicated. The chemical structure of caffeine, a small molecule inhibitor of ATR, is depicted. An animated interactive model for ATR function is available as Movie 1, which is published as supplemental data on the PNAS web site, www.pnas.org.
bined with diverse cellular stresses including hydroxyurea (deoxynucleotide synthesis inhibitor), aphidicolin (polymerasealpha inhibitor), or DNA damage via radiation or cisplatinum. We believe the essential feature common to these agents is the prolongation of S phase and a resulting increase in the number of stalled replication forks present in a given cell. These replication forks are then modified by the addition of an RNA primer that has been shown to have two effects: (i) RNA priming allows the replication checkpoint to be activated (19) and (ii) it promotes binding of ATR to the replication fork (13) . ATR activity may then increase because ATR-DNA binding has been shown in vitro to increase ATR activity about 3-fold (6, 21) , and ATR appears to colocalize on damage with at least one relevant substrate, BRCA-1, promoting their interaction by proximity (20) .
Intriguingly, ATR appears to recognize and bind only ''activated'' replication forks that have already been primed with RNA (13, 19) . The latter finding suggests that a common feature of the phosphatidylinositol kinase-related kinase family may be the recognition of specifically modified ends of nucleic acids (22) . For example, DNA-PK has been shown to bind and be activated in a manner dependent on the length of single-stranded DNA at the end of a double-stranded segment (23) . Likewise, the family members FRAP and the Tor proteins, which are key elements of the nutrient-sensing network (24) , may function by recognizing the ends of tRNA molecules (22) .
Frequent cell division and defective G 1 checkpoints are hallmarks of cancer cells. We have shown that these features sensitize cells to dying after ATR inhibition and propose the following model as to why this occurs. G 1 checkpoint deficiencies result in cancer cells spending a greater proportion of time in S phase and, if damaged, having a greater number of stalled replication forks relative to cells with intact G 1 checkpoints. In particular, the loss of p53 function is a common feature of cancer cells that causes increased resistance to radiation or chemotherapy through loss of p53-dependent apoptosis and damageinduced anti-growth signals. Our results with ATR inhibition in cells made p53-deficient (by MDM2 or E6 expression) are therefore striking as p53 loss markedly sensitizes cells to lethal PCC (Fig. 4 A and B) . This effect of p53 inhibition in ATR-kd expressing cells demonstrates that p53 is activated by UV in these cells and thus that ATR function is not required for p53 activation. The cell death that follows PCC has been shown to be independent of p53 function (8) (deletion of p53 in mouse did not rescue the ATR Ϫ/Ϫ phenotype), making this an appealing pathway for use in killing p53-deficient cancer cells. The mechanism of this cell death may involve the forces of microtubule action at kinetochore attachment sites that tear apart partially replicated, prematurely condensed chromosomes irreparably (25) .
Our data show that features common to cancer cells make them more sensitive than normal cells to inhibition of ATR function as their increased number of stalled replication forks requires an increased supply of functional ATR (Fig. 4C) . Here, we have identified that ATR is the relevant target of caffeine in causing PCC and suggest that a more potent and selective ATR inhibitor than caffeine is therefore an important goal in cancer research. Caffeine has been shown in vitro to selectively radiosensitize cancer cells (26) and, in fact, has been investigated in humans with incurable cancer. Unfortunately, because of its lack of specificity, caffeine causes seizures in humans at doses less than are required for inhibition of the replication checkpoint (27) . A further implication of these studies is that an ideal ATR inhibitor would not affect ATM function, as this would have the undesirable effect of diminishing ATM-dependent p53͞G 1 arrest in normal cells, making them more sensitive to ATR inhibition. An ATR inhibitor may selectively sensitize cancer cells both by exploiting traits intrinsic to the malignant phenotype and by enhancing extrinsic treatments such as low-dose DNA damage, causing cancer cells to die by prematurely condensing their chromatin.
